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Abstract: Most nutrient-spiraling studies have focused on estimates of gross uptake (Ugross), which show that streams
take up dissolved inorganic nutrients very eﬃciently. However, studies based on estimates of net uptake (Unet) em-
phasize that streams tend to be at biogeochemical steady state (i.e., Unet ≈ 0), at least on a time scale of hours. These
ﬁndings suggest that streams can be highly reactive ecosystems but remain at short-term biogeochemical steady state
if Ugross is counterbalanced by release (R), a process that remains widely unexplored. Here, we propose a novel ap-
proach to infer R by comparing Unet and Ugross estimated from ambient and plateau concentrations obtained from
standard short-term nutrient additions along a reach. We used this approach to examine the temporal variation of
R and its balance with Ugross in 2 streams with contrasting hydrological regime (i.e., perennial vs intermittent) during
2 years. We focused on the spiraling metrics of NH4+ and soluble reactive P (SRP), essential sources of N and P in
stream ecosystems. R diﬀered substantially between the 2 streams. The perennial stream had a higher proportion of
dates with R > 0 and a 2× higher mean R than the intermittent stream for both nutrients. Despite these diﬀerences,
the magnitude of R and Ugross tended to be similar for both nutrients within each stream, which lead to Unet ≈ 0 in
most cases. A notable exception occurred for SRP in the intermittent stream, where R tended to be higher thanUgross
during most of the winter period, probably because of desorption of P from stream sediments. Together, our ﬁnd-
ings shed light on the contribution of release processes to the dynamics of nutrient spiraling and support the idea that
streams can be active ecosystems with high spiraling ﬂuxes while simultaneously approaching short-term biogeo-
chemical steady-state.
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The nutrient spiraling concept describes the combined pro-
cesses of nutrient cycling and downstream transport in run-
ning waters (Webster and Patten 1979, Newbold et al. 1981).
According to this concept, the spiraling length is the aver-
age downstream distance travelled by a nutrient molecule
until uptake (i.e., uptake length) plus the downstream dis-
tance travelled within an uptake compartment until release
(i.e., turnover length). Uptake length depends on the impor-
tance of the gross uptake ﬂux of dissolved nutrients from
the water column by the active stream bed (Ugross) relative to
the downstream nutrient ﬂux, whereas turnover length de-
pends on the importance of the release ﬂux by which those
immobilized nutrients return to the water column (R) rela-
tive to the downstream nutrient ﬂux (Fig. 1A). Therefore,
the balance between Ugross and R ultimately determines the
net uptake ﬂux (Unet) of the ecosystem, and thus, whether
it acts as a net nutrient source (Ugross < R) or sink (Ugross > R),
or whether it is at biogeochemical steady state (Ugross = R), at
least on a time scale of hours (Fig. 1B–D).
Most in-stream nutrient spiraling studies have focused
on estimates of Ugross and have shown that streams are highly
reactive systems with a large capacity to take up dissolved
inorganic nutrients (Peterson et al. 2001, Mulholland et al.
2008). In contrast, studies based on estimates of in-stream
Unet highlight that short-term biogeochemical steady state
for dissolved inorganic nutrients is a common condition in
streams (Brookshire et al. 2009, Bernal et al. 2012). However,
further studies show that streams can act as net sinks of dis-
solved inorganic nutrients as a result of net algal growth dur-
ing periods of open canopy (Roberts and Mulholland 2007)
and postﬂood succession (Grimm 1987, Martí et al. 1997)
or when in-stream denitriﬁcation is high (Heﬀernan et al.
2010). These apparently contradictory results imply that
streams can be highly reactive (high Ugross) but still be at short-
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term biogeochemical steady state (Unet ≈ 0) if Ugross is coun-
terbalanced by R (Fig. 1C). Thus, estimates of the ﬂux of
immobilized nutrients back to the water column (R) are
critical to gain a full picture of in-stream nutrient spiraling
(Mulholland and Webster 2010). Furthermore, examining
the balance between R and Ugross (Unet) provides key insights
into the ultimate role of streams on regulating nutrient ex-
port to downstream ecosystems.
In-stream Ugross can be empirically estimated from solute
additions (Webster and Valett 2006), and in-stream Unet
can be derived from the longitudinal proﬁles of ambient dis-
solved inorganic nutrient concentrations (Brookshire et al.
2009, von Schiller et al. 2011b). However, direct ﬂuxes of
in-stream R can be measured only by using solute addi-
tions of radioactive or stable-isotope tracers (Newbold et al.
1983, Peterson et al. 2001). These isotopic techniques can
be diﬃcult to apply, are expensive, and have low utility
for studying the temporal dynamics of spiraling metrics be-
cause isotopic signals persist within the ecosystem for dif-
ferent lengths of time because of diﬀerences in turnover
among ecosystem compartments (Newbold et al. 1983,
Dodds et al. 2004). These methodological constraints limit
our ability to develop a complete understanding of stream
nutrient spiraling. To overcome these limitations, we pro-
pose a novel approach based on evidence from previous
studies (Martí et al. 1997, von Schiller et al. 2011b) to infer
Figure 1. Conceptual diagram of NH4+ and soluble reactive P (SRP) cycling in a headwater stream reach. A.—Dissolved inorganic
nutrients enter the stream reach via upstream and lateral inputs (I ). Gross uptake ﬂux (Ugross) includes all biotic and abiotic processes
occurring in the active stream bed of the reach that remove nutrients from the water column. Ugross of NH4+ includes assimilation by
biota, nitriﬁcation, sorption onto stream sediments, and anaerobic NH4+ oxidation (anammox). Ugross of SRP includes assimilation,
co-precipitation, and sorption. Release ﬂux (R) of NH4+ and SRP from sediments back to the water column occurs via mineralization
of organic matter (including ammoniﬁcation), desorption, dissimilatory NO3– reduction to NH4+ (dnra; only for NH4+), and dissolution
(only for SRP). Net uptake ﬂux (Unet) is the balance between Ugross and R in the reach. The output of dissolved inorganic nutrients
from the reach (O) is the diﬀerence between I and Unet. B–D.—Three possible scenarios for the stream acting as a net nutrient source
(Unet < 0), short-term biogeochemical steady state (Unet ∼ 0), or net nutrient sink (Unet > 0).
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R by comparing Unet and Ugross estimated simultaneously
from ambient and plateau longitudinal proﬁles obtained
with short-term nutrient addition (Webster and Valett 2006).
The goals of our study were to apply our approach to es-
timate R and its balance with Ugross in headwater streams
and to explore the temporal variability of R and how changes
in environmental conditions over time inﬂuence its relation-
ship with Ugross. We analyzed a 2-y data set from monthly
solute additions of NH4+ and soluble reactive P (SRP), es-
sential sources of N and P, in a perennial and an intermit-
tent stream. In a previous study, we reported diﬀerences be-
tween streams in the temporal pattern of Ugross that were
partially explained by diﬀerences in the hydrological re-
gimes of the streams (von Schiller et al. 2008). In the pres-
ent study, we revisited this data set to infer R and explore
its temporal variation and its balance with Ugross for the same
streams and nutrients. Considering that most streams tend
to be at short-term biogeochemical steady state, we pre-
dicted that the magnitude and temporal pattern of R would
follow that of Ugross for both streams and nutrients. Fur-
thermore, we predicted that occasional periods of imbal-
ance between R and Ugross would occur more often at the
intermittent than at the perennial stream because larger
hydrological ﬂuctuations at the former favor less-steady-
state conditions. Our study sheds light on the relevance of
release processes to in-stream nutrient spiraling and, thus,
on their inﬂuence on downstream nutrient export.
METHODS
Site description
The Santa Fe stream (2nd-order; lat 2°27′40″E, long 41°46′
37″N) and Fuirosos stream (3rd-order; lat 2°34′55″E, long
41°42′14″N) drain forested headwater catchments dom-
inated by siliceous geology in natural protected areas in
Catalonia (northeastern Spain). The catchments are only
10 km apart, but they experience contrasting climatic con-
ditions because they are at diﬀerent altitudes. The Santa Fe
catchment (2.6 km2, 1419 m asl) has a Mediterranean subhu-
mid climate with a mean annual precipitation of ∼1000 mm
and mean annual temperature of ∼9°C (Ninyerola et al.
2000). The Fuirosos catchment (14.4 km2, 361 m asl) has a
Mediterranean semiarid climate with a mean annual pre-
cipitation of ∼500 mm and mean annual temperature of
∼13°C (Ninyerola et al. 2000). Vegetation in the catchments
and stream hydrology diﬀer between the sites as a conse-
quence of this climatic contrast. The Santa Fe catchment
is dominated by mixed forests of coniferous (Abies alba)
and deciduous (Fagus sylvatica) trees, whereas the Fuirosos
catchment is dominated by evergreen perennial forests
(Quercus suber, Pinus halepensis) at the lower elevations
and deciduous forests (Castanea sativa, Corylus avellana,
Quercus pubescens) at the higher elevations. Riparian veg-
etation at Santa Fe (F. sylvatica, Sambucus nigra) is poorly
developed compared to that at Fuirosos (Alnus glutinosa,
Platanus hispanica).
The Santa Fe stream (hereafter, perennial stream) has
permanent ﬂow, whereas the Fuirosos stream (hereafter, in-
termittent stream) has intermittent ﬂow with summer pe-
riods of 0 ﬂow of variable duration among years (from a few
weeks to several months; Bernal et al. 2005, von Schiller
et al. 2008, 2011a). Despite the strong diﬀerences in the
hydrological regime, base ﬂow is similar between streams
(<20 L/s) (von Schiller et al. 2008). Water temperature tends
to be lower in the perennial than in the intermittent stream
because of the diﬀerence in altitude, but both streams show
the same seasonal pattern of lower water temperature in
winter than in summer (Bernal et al. 2005, von Schiller et al.
2008). Moreover, the streams diﬀer markedly in the mag-
nitude and temporal pattern of nutrient concentrations.
NO3– dominates the dissolved inorganic N (DIN) pool in
both streams, but it shows contrasting seasonal patterns be-
tween streams. The peak of NO3– occurs in summer in the
perennial and in winter in the intermittent stream. The con-
centration of NH4+ accounts for <10% of DIN and shows
no consistent seasonal pattern in either stream. The con-
centration of SRP is low in both streams (<20 μg P/L), and
it shows a marked seasonal pattern, similar to that of NO3–,
only at the perennial stream. The DIN ∶ SRP ratio is gener-
ally lower in the perennial than in the intermittent stream,
and the intermittent stream shows higher DIN ∶ SRP in win-
ter than in summer.
Field sampling and laboratory analyses
We selected 1 representative stream reach at the pe-
rennial stream (140 m long) and at the intermittent stream
(80 m long) at the mouth of each catchment. No lateral
surface-water inputs were present along the stream reaches
(for geomorphological details for each reach see von Schiller
et al. 2008). In each stream reach, we conducted short-term
constant-rate additions of SRP (as NaH2PO4-2H2O) and
NH4+ (as NH4Cl) on a monthly basis from September 2004
to August 2006. The methods used for nutrient additions
followed those of Webster and Valett (2006). Details on the
nutrient-addition procedures at the 2 study sites were given
by von Schiller et al. (2008). Cl– (as NaCl) was added as a
conservative tracer, and stream discharge (Q, L/s) was es-
timated by recording conductivity changes over time at the
bottom of the reach (Gordon et al. 2004). Before the addi-
tions, we collected water samples and measured conductiv-
ity (at 20°C) at 8 locations along each of the 2 stream reaches
(ambient concentrations). We measured wetted width (w,
in m) at each sampling location and averaged values from
all sampling locations to provide a mean value for the en-
tire reach. When conductivity reached plateau at the bot-
tom of the reach, we collected stream water samples at the
same sampling locations (plateau concentrations). We per-
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formed all additions at baseﬂow conditions on a total of
25 and 20 sampling dates in the perennial and the intermit-
tent stream, respectively.
We ﬁltered water samples for nutrient chemistry imme-
diately through precombusted glass-ﬁber ﬁlters (0.7 μm),
stored samples on ice in the ﬁeld, and refrigerated them at
4°C or frozen in the laboratory until analysis. We analyzed
water samples colorimetrically for NH4+ (salicylate method;
Reardon et al. 1966) on a Skalar (Breda, The Netherlands)
San+ Autoanalyzer and for SRP (molybdate method; Mur-
phy and Riley 1962) on a Bran+Luebbe (Norderstedt, Ger-
many) TRAACS 2000 Autoanalyzer II.
Calculation of in-stream processing ﬂuxes
Gross uptake. For each sampling date and nutrient, we
calculated Ugross (μg N or P m–2 min–1) using the nutrient
concentration and conductivity values at plateau conditions
corrected by ambient values following the calculation of nu-
trient uptake metrics based on the standard method of
short-term nutrient additions (Webster and Valett 2006).
Ugross is an indicator of stream nutrient-retention capacity,
and it integrates all uptake processes occurring along the
reach, whether these are assimilatory or dissimilatory (Martí
et al. 1997, Webster and Valett 2006). We estimated the
gross uptake coeﬃcient per unit of reach length (kgross, in
1/m) using the following 1st-order equation
C?x ¼ C?top
? Cond?x
Cond?top
?
e−kgrossx (Eq. 1)
where C* is the plateau nutrient concentration corrected
by the ambient concentration in stream water (in μg N/L
or μg P/L), and Cond* is the plateau stream-water conduc-
tivity corrected by the ambient conductivity (in μS/cm) at
the top of the reach (top) and at each sampling location
along the reach (x, in m). Then, we calculated Ugross as
Ugross ¼ ðQCAvgkgrossÞ=w (Eq. 2)
where CAvg is the average ambient nutrient concentration in
stream water from the 8 sampling locations along the reach,
and w is the average wetted width. For each date, we esti-
mated an upper and lower limit of Ugross based on the pre-
viously calculated 95% conﬁdence interval (CI) of kgross.
Measurements of kgross and Ugross can be underestimated
during solute-addition experiments because of nutrient en-
richment eﬀects (Mulholland et al. 2002). To minimize this
eﬀect, we adjusted the nutrient concentration of the added
solution and the pump ﬂow rate for each addition to reach
a relatively low and similar nutrient-enrichment level among
addition dates and streams. In the perennial stream, in-
creases in nutrient concentration relative to ambient nutri-
ent concentration at the top sampling station (mean ± SE)
were 54 ± 9 μg N/L for NH4+ and 65 ± 8 μg P/L for SRP.
In the intermittent stream, these increases were 65 ± 14 μg
N/L for NH4+ and 79 ± 16 μg P/L for SRP. We found only
a negative, but weak, correlation between the nutrient en-
richment and kgross for NH4+ in the intermittent stream (Pear-
son product–moment correlation: r = –0.48, p = 0.032, n =
20), which suggests that overall our estimates of Ugross were
minimally aﬀected by nutrient enrichment.
Net uptake. For each sampling date and nutrient, we cal-
culated Unet from the longitudinal variation in ambient nu-
trient concentration along the stream reach following the
spiraling method described by von Schiller et al. (2011b).
First, we estimated the net uptake coeﬃcient per unit of
reach length (knet, in 1/m) using the 1st-order equation
Cx ¼ Ctop
? Condx
Condtop
?
e−knetx (Eq. 3)
where C is stream-water ambient nutrient concentration
(in μg N/L or μg P/L) and Cond is ambient stream-water
conductivity (in μS/cm) at the top of the reach (top) and
at each sampling location along the reach (x, in m). We
calculated knet and its ± 95% CI from the regression be-
tween the natural logarithm of the stream-water nutrient
concentration corrected by conductivity and the down-
stream distance (x) after linearizing Eq. 3.
Then, we calculated Unet based on Eq. 2, but in this case
we used knet instead of kgross. Unet integrates nutrient uptake
and release processes occurring along the reach and can
be positive (uptake > release), negative (uptake < release)
or 0 (uptake ≈ release) depending on the value of knet. For
each date, we estimated an upper and lower limit of Unet
based on the 95% CI of knet. We assumed that Unet was in-
distinguishable from 0 (uptake ≈ release) when its CI con-
tained 0 (von Schiller et al. 2011b).
Beyond the convenience of using the same mathemati-
cal approach for calculating Ugross and Unet, estimating Unet
with the spiraling method has a number of advantages com-
pared to the more commonly used mass–balance method
(e.g., Roberts and Mulholland 2007). The spiraling method
is based on a 1st-order reaction model, which is likely to be
more representative of in-stream nutrient dynamics than
the linear model used in the mass–balance method (Newbold
et al. 1981, Webster and Valett 2006). Furthermore, the
spiraling method is based on a whole-reach integrative mea-
sure of a consistent concentration trend across several sam-
pling points rather than on the change in nutrient load be-
tween only 2 sampling points as it is for the mass–balance
method. Thus, the spiraling method is more conservative
and less prone than the mass–balance approach to overes-
timate those cases in which there is net uptake or release,
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especially for highly reactive nutrients, such as NH4+ or
SRP (von Schiller et al. 2011b). Moreover, a common lim-
itation of the 2 methods used for estimating Unet is the
uncertainty associated with the groundwater inputs. Unet
estimates with the spiraling method are based on changes
in nutrient concentration rather than on changes in nutri-
ent mass, so the spiraling method minimizes the inﬂuence
of either groundwater inputs or stream-water losses on the
calculation compared to the mass–balance method (Payn
et al. 2009). The magnitude of groundwater discharge is rel-
atively easy to measure with conservative tracer additions.
On the contrary, reliable groundwater concentration mea-
surements are diﬃcult to obtain, mainly because they are
highly variable over small spatial scales (Lewis et al. 2006)
and because concentration might diﬀer between ground-
water collected from piezometers and water at the inter-
face between the ground and surface water, which is the
water that ﬁnally enters the stream (Brookshire et al. 2009).
Groundwater nutrient concentrations and ﬂuxes are not re-
quired when applying the spiraling method, but small (or
almost negligible) groundwater inputs and similar concen-
trations between groundwater and surface water are the
2 conditions that must be fulﬁlled to obtain reliable mea-
surements of Unet with this empirical approach (von Schil-
ler et al. 2011b). We evaluated the suitability of the spiraling
method in our study streams by assessing the contribution
of groundwater inputs to stream discharge along the study
reaches from changes in ambient-corrected conductivity
along the reach at plateau conditions (Gordon et al. 2004).
Moreover, we compiled available data of NH4+ and SRP con-
centrations in near-stream ground water (<5 m from the
stream channel) from the period 2004–2012 to examine dif-
ferences in nutrient concentrations between ground water
and surface stream water. Additional details on the assump-
tions and limitations and a sensitivity analysis of the spiraling
method and its comparison with the mass–balance method
were published by von Schiller et al. (2011b).
Release. We calculated R (in μg N or P m–2 min–1) along
the reach for each sampling date and nutrient as
R ¼ Ugross−Unet (Eq. 4)
Like Ugross, this method cannot be used to distinguish
among speciﬁc biogeochemical processes involved in the
release of dissolved inorganic nutrients from the active
stream bed to the water column. Therefore, R for NH4+
accounts for those NH4+ molecules returning to the water
column via several processes, including ammoniﬁcation,
desorption from organic and inorganic sediments, or dis-
similatory NO3– reduction to NH4+ (Fig. 1A). Similarly, R
for SRP accounts for those SRP molecules returning to the
water column via mineralization, desorption, or dissolution
reactions (Fig. 1A).
For each sampling date and nutrient, we calculated the
CI of R (CIR) by propagating the uncertainty associated with
Ugross and Unet estimates as
CIR ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
CI2gross þ CI2net
q
(Eq. 5)
where CIgross and CInet are the CIs for Ugross and Unet , re-
spectively (Zar 2010). R can be positive or 0. R > 0 occurs
when Ugross > Unet , and the lower and upper limits of CIR
are > 0. R > 0 occurs when Ugross ≈ Unet or when the lower
limit of CIR is < 0. By deﬁnition, R < 0 has no ecological
meaning. In fact, 95% of the estimated R values (43 of 45)
in our study matched the criterion of R ≥ 0. The 2 cases
for which estimated R < 0 were removed from the data
set and were not included in the data analysis. Even if a
small enrichment eﬀect may have occurred during nutrient-
addition experiments, both Ugross and R would have been
underestimated to the same extent; thus, their temporal pat-
tern and the balance between them would not have changed.
Data analysis
R, Ugross, and Unet data were grouped into diﬀerent hy-
drological periods that have a strong inﬂuence on stream
hydrology, nutrient availability, and Ugross in both study
sites (von Schiller et al. 2008). For the perennial stream,
we divided each hydrological year into 2 periods: 1) from
December to April (the cool-wet and dormant period, here-
after wet period), and 2) from May to November (the warm-
dry and vegetative period, hereafter dry period). Because
of the inﬂuence of drought on stream hydrology and nu-
trient availability (von Schiller et al. 2011a), the data set
for the intermittent stream was divided into 3 hydrological
periods: 1) from December to mid-March (the cool-wet
and dormant season, hereafter wet period), 2) from mid-
March to August (the warm-dry and vegetative period, here-
after dry period), and 3) from September to November (the
transition from dry to wet conditions, hereafter transition
period) (von Schiller et al. 2008).
We used independent t-tests to compare nutrient con-
centrations between ground water and surface water. We
used independent t-tests to compare in-stream R, Ugross,
and Unet between streams, and dependent t-tests to com-
pare the same variables between nutrients in each stream.
To assess diﬀerences in in-stream processing ﬂuxes between
diﬀerent hydrological periods we used 1-way analysis of var-
iance (ANOVA). When diﬀerences were statistically signif-
icant, we applied a post hoc Tukey test to identify diﬀer-
ences between pairs of groups. We tested for the statistical
diﬀerences in the proportion of dates with R > 0 and Unet
≠ 0 between nutrients and streams by applying a 2 × 2
contingency-table analysis (Zar 2010). To evaluate the de-
gree of coupling between Ugross and R we used Pearson
product–moment correlation analysis between the 2 vari-
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ables for each nutrient and stream separately. To quantify
the divergences from the 1 ∶ 1 line (R = Ugross) we calculated
the relative root mean-square error (RRMSE, in %) for each
nutrient and stream as
RRMSE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Σni¼1ðUgross;i−RiÞ2
q
nUgross ? 100 (Eq. 6)
where n is the total number of observations andUgross is the
average value of Ugross. Low values of RRMSE indicate high
coupling between Ugross and R, whereas high values indi-
cate the opposite. All statistical analyses were done with
Statistica (version 6.0; StatSoft, Tulsa, Oklahoma). In all
cases, diﬀerences were considered signiﬁcant if p < 0.05.
RESULTS
Longitudinal trends of conductivity at plateau revealed
low inﬂuence of groundwater inﬂow. We observed either
small net increases or constant discharge along the reach
in both streams on all sampling dates (Fig. 2A). The % con-
tribution of ground water to stream discharge along the
reach (mean ± SE) was 17.0 ± 1.4% in the perennial stream
and 11.9 ± 2.9% in the intermittent stream. In addition,
groundwater concentrations of NH4+ and SRP were low
and did not diﬀer from those measured in the water col-
umn in both streams (t-tests, p > 0.05; Fig. 2B, C) except
that mean SRP concentration in the perennial stream was
1.5× higher in ground water than in surface water (t-test,
p = 0.036).
On average, R and Ugross values were higher in the peren-
nial than in the intermittent stream, and within each stream,
they were higher for NH4+ than for SRP (Table 1). Mean
Unet values were low but positive, except for SRP in the
intermittent stream, and they were similar between nutri-
ents within each stream (Table 1). Mean Unet for NH4+ was
similar between the perennial and the intermittent streams,
whereas mean Unet for SRP was higher in the perennial
than in the intermittent stream (Table 1).
The temporal patterns of R, Ugross, and Unet diﬀered sub-
stantially between streams and nutrients (Figs 3A, B, 4A, B).
In the perennial stream, R and Ugross for NH4+ did not dif-
fer between the wet and dry periods (p > 0.05; Fig. 3A), but
for SRP, both were higher during the dry than during
the wet periods (F1,23 = 9.709 and 8.780, p = 0.005 and 0.007
for R and Ugross, respectively; Fig. 3B). Conversely, Unet
showed no diﬀerence between hydrological periods for
either nutrient (p > 0.05; Fig. 3A, B). In the intermittent
stream, R, Ugross, and Unet for NH4+ showed no consistent
temporal pattern (p > 0.05; Fig. 4A). However, R and Unet
for SRP diﬀered signiﬁcantly among hydrological periods
(F2,16 = 4.374 and 4.555, p = 0.031 and 0.027 for R and Unet ,
respectively), and were higher during the wet than during
the dry and transition periods (Tukey test, p < 0.05; Fig. 4B).
Ugross for SRP did not show a consistent temporal pattern
( p > 0.05; Fig. 4B).
The frequency of in-stream release and net uptake also
diﬀered between streams and nutrients. The proportion of
dates with R > 0 was greater in the perennial than in the in-
termittent stream for NH4+ (84 vs 37%, χ2 = 10.4, p < 0.005)
and SRP (88 vs 58%, χ2 = 5.2, p < 0.05). We found no dif-
ferences in the frequency of R > 0 between nutrients within
each stream (χ2 < 1.7, p > 0.05). Moreover, the proportion of
dates for which R and Ugross did not counterbalance each
other (Unet ≠ 0) was similar between the perennial stream
Figure 2. Box plots of the contribution of ground water
and surface water to stream discharge in the study reaches (A)
and of their concentration of NH4+ (B) and soluble reactive P
(SRP)(C). Box plots display 10th and 90th (whiskers), 25th and
75th (box ends), and 50th (line) percentiles, and outliers (circles).
The data set for discharge and stream water concentrations is
from monthly samplings during the study period (n = 25 and
n = 20 in the perennial and the intermittent stream, respectively).
The data set for groundwater concentrations is from sporadic
measurements during the period 2004–2012 (perennial stream:
n = 21 for both nutrients; intermittent stream: n = 13 and n = 4
for NH4+ and SRP, respectively).
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and the intermittent stream for NH4+ (36 vs 21%; χ2 = 1.2,
p > 0.05) and for SRP (56 vs 68%; χ2 = 0.7, p > 0.05). Dif-
ferences were observed between nutrients only in the inter-
mittent stream where the frequency of Unet ≠ 0 was higher
for SRP than for NH4+ (χ2 = 8.6, p <0.005).
For both streams and nutrients, R and Ugross were sig-
niﬁcantly correlated (Pearson product–moment correla-
tion, p < 0.05) and fell close to the 1 ∶ 1 line, showing low
RRMSE values (<10%) despite the broad range of variation
for the 2 metrics (Fig. 5A–D). The exception was SRP in the
intermittent stream, which showed a strong decoupling be-
tween the 2 spiraling metrics (Pearson product–moment
correlation, p = 0.966, RRMSE = 62%), especially during the
wet period when R > Ugross (Fig. 5D).
DISCUSSION
We used a novel approach to explore the temporal varia-
tion of in-stream R and how it relates to in-stream Ugross in
data derived from solute additions in 2 headwater streams
with contrasting hydrological regimes.We observed remark-
able temporal variation of R and found that the magnitude
of R and Ugross tended to be similar, leading to Unet ≈ 0 on
numerous sampling dates (from 60–80% and 30–40% for
NH4+ and SRP, respectively). These results are consistent
with the idea that streams can be highly reactive ecosystems
with high biogeochemical processing rates (Peterson et al.
2001, Mulholland et al. 2008) while approaching short-term
biogeochemical steady-state for dissolved inorganic nutrient
ﬂuxes (Brookshire et al. 2009).
Furthermore, our results illustrate that changes in en-
vironmental conditions over time can lead to transitory pe-
riods during which R and Ugross are in disequilibrium. Our
results are in line with results of studies in which biogeo-
chemical processing in headwater streams was able to regu-
late to some extent (4–40%) annual nutrient export during
baseﬂow conditions because Unet is not always 0 over time
(Bernal et al. 2012). Our results also are in line with those of
studies showing that streams can act as net sinks or sources
of dissolved inorganic nutrients in response to profound
changes in either hydromorphological conditions or resource
availability. For instance, N tended to accumulate as algal
biomass after ﬂoods in a desert stream, clearly illustrating
a case in which Ugross > R (Grimm 1987, Martí et al. 1997).
Table 1. Mean ± SE (in μg N or P m−2 min−1) of in-stream release (R), gross uptake (Ugross), and net uptake (Unet) for each stream
and nutrient. n = 25 and 19 in the perennial and the intermittent stream, respectively. SRP = soluble reactive P. p-values are results
from t-tests between nutrients within streams and between streams. Bold indicates p < 0.05.
Variable Nutrient
Perennial stream Intermittent stream
Between-stream pMean ± SE Between-nutrient p Mean ± SE Between-nutrient p
R NH4+ 29.8 ± 4.3 <0.001 14.3 ± 2.9 0.003 0.008
SRP 8.2 ± 1.4 3.8 ± 0.8 0.014
Ugross NH4+ 31.1 ± 4.0 <0.001 14.4 ± 3.2 <0.001 0.001
SRP 8.5 ± 1.5 1.6 ± 0.3 <0.001
Unet NH4+ 1.3 ± 1.7 0.626 0.04 ± 1.2 0.086 0.564
SRP 0.3 ± 0.6 −2.2 ± 0.9 0.020
Figure 3. Mean (± 95% CI) in-stream net uptake (Unet),
gross uptake (Ugross), and release (R) for NH4+ (A) and soluble
reactive P (SRP) (B) in the perennial stream during the study
period. The 0 line is indicated with a dashed line. Diﬀerent
hydrological periods are indicated with diﬀerent shadings in the
horizontal bar (d = dry period, w = wet period).
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Similarly, high organic matter availability during autumn
or high light irradiance before leafout in spring can enhance
in-stream net N immobilization (Mulholland 2004, Roberts
and Mulholland 2007). Furthermore, high in-stream deni-
triﬁcation in macrophyte-dominated rivers also can lead
to increased net N uptake (Heﬀernan et al. 2010). Doyle
et al. (2003) showed that removal of a dam strongly modiﬁed
geomorphology of a 5th-order stream and led to decreased
net P uptake ﬂuxes, probably because of changes in the
balance between Ugross and R.
According to ecological succession theory (Vitousek
and Reiners 1975), in-stream uptake and release pro-
cesses should vary over successional time after hydrolog-
ical disturbances. At early successional stages, R < Ugross
(Unet > 0) should be expected, whereas R ≈ Ugross (Unet ≈
0) may occur at late successional stages (Grimm 1987,
Martí et al. 1997). In this context, we predicted that the
intermittent stream would experience more frequent pe-
riods of imbalance between R and Ugross than the perennial
stream because larger hydrological ﬂuctuations at the for-
mer may favor less-steady-state conditions. In fact, dra-
matic changes in the temporal pattern of water chemistry,
algal composition, organic matter accumulation, stream me-
tabolism, and nutrient retention eﬃciency have been re-
ported after hydrological disturbances in the intermittent
stream (Acuña et al. 2004, von Schiller et al. 2008, Bernal
et al. 2013). Nonetheless, our results did not support our
prediction. First, periods of imbalance (frequency of Unet
≠ 0) were similar between the intermittent and perennial
stream for SRP and NH4+. The prevalence of R > Ugross for
SRP measured in the intermittent stream during the wet
period (see below) was unrelated to the occurrence of any
extreme hydrological event. Moreover, the theoretical ex-
pectation is that after disturbances, Ugross should prevail
over R (Grimm 1987). Sampling the streams only in base-
ﬂow conditions and at monthly intervals may have pre-
vented us from capturing potential successional changes,
which can occur very rapidly in stream ecosystems, espe-
cially in highly resilient ecosystems, such as headwater streams
(Grimm 1987, Martí et al. 1997, Uehlinger 2000). Further
studies monitoring net uptake and release processes after
extreme ﬂood or drought events are needed to understand
changes in in-stream nutrient cycling during ecosystem suc-
cession and the stability of these ecosystems before hydro-
logical disturbances.
We observed consistent biogeochemical disequilibrium
for SRP in the intermittent stream with R > Ugross during
most of the wet period. One possible explanation for such
increased R over Ugross could be desorption of P from stream
sediments, which typically occurs when dissolved P con-
centrations in stream water and sediments are not in equi-
librium (Reddy et al. 1995). The extremely low SRP con-
centrations in the intermittent stream during the wet period
(<5 μg P/L, von Schiller et al. 2008) supports the idea that
P desorption from stream sediments could be at least par-
tially responsible for the observed in-stream SRP release.
High molar DIN ∶ SRP (mean = 1638) measured during the
wet period in the intermittent stream further suggests that
P release may result from an abiotic rather than a biotic
process because such relatively low P availability may be
limiting ecosystem production (Borchardt 1996). Unfortu-
nately, no data on P concentration in the interstitial water
of stream sediments are available for the study period to
test the desorption hypothesis. In any case, our observations
open an intriguing question that could be addressed in fu-
ture studies speciﬁcally designed to test the mechanisms
driving the high release of P observed in the intermittent
stream.
Figure 4. Mean (± 95% CI) in-stream net uptake (Unet),
gross uptake (Ugross), and release (R) for NH4+ (A) and soluble
reactive P (SRP) (B) in the intermittent stream during the study
period. The 0 line is indicated with a dashed line. Diﬀerent hydro-
logical periods are indicated with diﬀerent shadings in the hori-
zontal bar (d = dry period, w = wet period, t = transition period).
Asterisks (*) indicate periods of 0 ﬂow.
000 | In-stream nutrient release D. von Schiller et al.
This content downloaded from 149.169.132.225 on Tue, 18 Nov 2014 10:39:06 AM
All use subject to JSTOR Terms and Conditions
Amajor limitation when dealing with the empirical esti-
mation of in-stream biogeochemical rates and ﬂuxes is the
unknowns associated with groundwater nutrient inputs,
especially when calculating Unet. The mass–balance and
nutrient-spiraling methods used to estimate Unet incorpo-
rate the uncertainty associated with groundwater sources
in their calculations, albeit in diﬀerent ways, and each of the
2 approaches has its pros and cons (see Methods and von
Schiller et al. 2011b). In particular, the spiraling method
assumes that groundwater nutrient concentrations change
proportionally to changes in stream-water conductivity along
the reach, an assumption that may not hold across streams
and that is diﬃcult to test in the ﬁeld. However, the in-
ﬂuence of groundwater inputs on the estimation of Unet
remains low if the groundwater inﬂow is small and nutri-
ent concentrations in ground water and surface water are
similar (von Schiller et al. 2011b). Thus, one way to eval-
uate the feasibility of applying the spiraling method to a
particular study site is to collect near-stream groundwater
samples prior to nutrient-addition experiments. For our
study sites, groundwater inﬂow was low (mean < 18%), and
the concentration of NH4+ and SRP was similar between
ground water and surface water (mean groundwater ∶ sur-
face water ratio < 1.7). These data provided empirical evi-
dence that the inﬂuence of ground water on the estimates
of Unet was relatively small. As an example, we used the
estimated Q, the groundwater inﬂow along the reach, and
the SRP concentrations at the top and bottom of the reach
to calculate the groundwater SRP concentration needed
to fully explain the high R values measured for SRP at the
intermittent stream during the wet period. Our mass bal-
ance calculation indicates that the SRP concentration (mean
± SE, n = 5) should be 22.7 ± 4.5-fold higher in ground water
than in surface water to account for the detected release
of SRP. This value is well above the groundwater ∶ surface
water ratio for SRP concentration in the intermittent stream
(mean = 1.6, n = 4). Thus, we think it is reasonable to con-
clude that the positive R for SRP during the wet period in
the intermittent stream resulted mostly from in-stream bio-
geochemical processing.
Despite the practical limitations inherent to any empir-
ical approach dealing with open and complex natural sys-
tems, we think that the empirical approach used in our study
is an advance toward a better understanding of the full
round trip of nutrients along the spiral in streams. In par-
ticular, our results allowed us to shed light on the contri-
bution of in-stream release processes to nutrient spiraling
and on its temporal dynamics, an unknown aspect in stream
Figure 5. Relationship between in-stream gross uptake (Ugross) and release (R) for NH4+ (A, B) and SRP (C, D) in the perennial
stream (A, C) and the intermittent stream (B, D). Hydrological periods (d = dry period, w = wet period, t = transition period) are
marked with diﬀerent shading. The 1 ∶ 1 line (dashed line) and the relative root mean-square error (RRMSE) are shown in each panel.
Volume 34 June 2015 | 000
This content downloaded from 149.169.132.225 on Tue, 18 Nov 2014 10:39:06 AM
All use subject to JSTOR Terms and Conditions
ecology (Mulholland and Webster 2010). Our approach
cannot be used to distinguish between the diﬀerent bio-
geochemical processes involved in in-stream nutrient uptake
(e.g., assimilation, sorption) and release (e.g., mineralization,
desorption), but it can be used to quantify the relative impor-
tance of those ﬂuxes and their temporal dynamics. In addi-
tion, it is a ﬁeld method based on the well founded nutrient
spiraling theory, is fairly simple and aﬀordable, and is easy
to repeat over time (e.g., in studies of temporal variability).
Another appealing feature of this approach is that R values
could be estimated by revisiting data from many already ex-
isting data sets based on stream nutrient additions per-
formed worldwide, when information on groundwater in-
puts is available for evaluating the feasibility of applying
the spiraling method. This exercise would undoubtedly
broaden our understanding of the balance between Ugross
and R and of the environmental factors controlling them
(Ensign and Doyle 2006). NH4+ and SRP, the 2 reactive
forms of N and P we studied, are essential nutrients for
stream production, but a complete understanding of N and
P spiraling in stream ecosystems may further include or-
ganic N and P cycling in streams (Johnson et al. 2013). Nev-
ertheless, our study highlights that in-stream release pro-
cesses can be highly variable in time and play a pivotal role
in nutrient cycling, at least for NH4+ and SRP in the study
streams during baseﬂow conditions. Our results imply that
the balance (or imbalance) between in-stream gross nutri-
ent uptake and release rather than in-stream gross nutri-
ent uptake alone could provide highly valuable informa-
tion for a better understanding of the actual role of stream
ecosystems as sources or sinks of nutrients.
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